Abstract
Introduction
Pollution of the marine environment pose a threat both to a variety of organisms living in the environment and indirectly to the people who benefit from the diversity of organisms by fishery or tourism. The most common type of impurities are oil pollutions. They may appear in the depths of the sea as a result of discharges from ships, naval disasters, failures of underwater systems of oil extraction and transportation as well as polluted inflows from the land. The pollutions may be present on the surface in the form of oil layers or films that can be readily observed remotely. But they may also arise in the form of an emulsion of oil beneath the surface of the water. In this case the detection of oil contamination is difficult.
Detection of oil pollution in the marine environment can be effective when it is done remotely from the decks of aircraft or satellites. In small basins or along the shoreline the active remote sensing can be used. It involves recording the light scattered and reflected in the environment that is derived from an artificial source of light -a powerful laser. Active remote sensing devices are called lidar (name was originally an acronym of Light Detection and Ranging). Solutions of this type have a very limited range. For the large areas of the sea it is necessary to use the passive remote sensing. That is the method in which the sunlight scattered in environment is recorded.
Active remote sensing takes information from time dependent depolarization [2] or single wavelength induced fluorescence [4, 5] . In contrast the passive remote sensing, because of unpolarised source of light, bases on spectral information received from environment. In the Baltic Sea region the remote sensing is actively developed by a group cantered on the SatBa tyk project [13, 14] . 
Methods
The results presented in this article are based on light field modeling using Monte Carlo method. This algorithm takes into account all phenomena associated with the transmission of radiation in the atmosphere-sea system. Analogous approach like in this paper were applied by Piskozub et al. (2001) [12] , Bogucki et al. (2007) [1] and lately by Hieronimi (2013) [8] . The input data in the Monte Carlo algorithm are so called the Inherent Optical Properties (IOPs) of air, water and marine pollution. They are the absorption coefficients, scattering coefficients and the phase functions that describe angular distribution of scattered light. Defining the above mentioned quantities requires to remind the term of radiance L -which is the value describing the quantity of radiation within define small range of wavelengths that is emitted from the surface and falls within a given small solid angle from a specified direction. Hence its unit is watts per steradian per cubic meter. Decrease of the radiance along the propagation path r of the light beam is caused both by absorption and scattering:
where:
Absorption means a conversion of light energy into other form like chemical thermal or its reemission in different wavelength. While scattering is change of direction of propagating light. Description of light scattering requires additional angular distribution. It can be defined in form of Volume Scattering Function (VSF):
where: , , dI -intensity of light scattered into direction , from the scattering volume dV, E -spectral irradiance illuminating the volume dV. In southern Baltic area the VSFs were measured rarely. The latest and most current data comes from [6] and from Freda and Piskozub (2007) [7] . These measurements were made with Ukrainian prototype of Volume Scattering Meter described by Lee and Lewis (2003) [9] .
Integration of the VSF over total solid angle gives the scattering coefficient b. The angular distribution of scattered light is often described by its relative form i.e. the phase function. The latter is defined as the VSF divided by b. The set of values needed to describe the behavior of light beam in the environment are called the Inherent Optical Properties (IOPs).
In addition, the Monte Carlo Algorithm require some environmental inputs such as wind speed values which allow to consider the slopes of sea surface (see Cox and Munk 1954 [3] ), angular sun position and relative amount of light that comes from the point light source (sun) and diffusive sky.
The result of modeling is the quantity that describes relative water leaving radiance called Remote Sensing Reflectance (RSR). The RSR can be measured remotely from the decks of satellites or planes. Its definition is given by equation:
where: , , L -water leaving spectral radiance in direction , ,
E
-downwelling spectral irradiance incident on the sea surface. The RSR values were previously obtained by Otremba (2000) [11] for seawater polluted with surface oil film.
Results
Virtual pollution in the form of an oil-water emulsion forming a uniform layer of 5 m was introduced into the marine environment (see Fig. 1 ). The oil concentration in the layer is equal to 10 ppm, and the optical properties i.e. the phase function shape as well as coefficients of absorption and scattering were calculated using Mie theory (Otremba 2007) [10] . As a result of Monte Carlo algorithm the values of RSR for various immersion depths h of oil cloud were obtained. These results are shown in the Fig. 2 . Values of the reflectance are lower than the RSR value for the case of water free of pollution (value of B in the Fig. 2) . Hence the observed contrast of oiled area is negative. The lowest value of RSR is observed for h = 0, i.e. for the case when oil cloud starts from the sea surface (value of A in the Fig. 2 ). And the deeper immersion depth the higher value of RSR. The contrast reaches zero for the depths h exceeding 20 meters.
The variability of remote sensing reflectances RSR seems to be described by expression (4):
A -the RSR for h = 0 m (oil pollution layer starts from the surface), B -the value of RSR (obtained for seawater free of oil pollution), C -is the characteristic constant value of relation that depend on IOPs of seawater and oil. In the homogeneous medium the exponential decay describes the variability of radiance on the propagation path (see equation 1) caused by absorption and scattering. Hence we assumed that exponential decay should describe well the variability of water leaving radiance. The supposed equation (4) can be converted into a simple form: 
Conclusions
The paper analyses the impact of the oil emulsion layer placed below sea surface on remote sensing reflectance. The study was prepared with Monte Carlo modeling algorithm. The IOPs of sea water measured in the waters of Gulf of Mexico as well as IOPs of Romashkino oil were used as modeling input data. The obtained results show that the reflectance depends on the immersion depth. Moreover observed contrast of oiled area is negative and reaches zero for depths exceeding 20 meters. The variability of RSR is roughly described by exponential decay.
It is worth mentioning that above described study is exemplary and the method can be applied in RSR analyses for the sea polluted not only with oil substances but also when other alien matter can be found in the sea depths -provided however that the IOPs of these substances are known.
Fig. 3. Logarithms of (B-A)/(B-R SR ) calculated for modelled values of R SR (black points) and linear relation plotted against depth h

